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1.0. INTRODUCTION

The proof of the adaptability and acceptability of any methodology lies

in the ability to apply it in practice to real complex systems. To provide

another application of the probabilistic model techniques developed at RTI,

and to aid in the development of these techniques, a representative electro-

mechanical control system has been purchased by RTI, has undergone extensive
tests in RTI laboratory facilities, and will remain available for further

tests if required. The system chosen as an example was designed to be used

as a stabilization mechanismfor an aircraft radar antenna. The system is
designated as a "Tilt Stabilization Assembly," and will be referred to in

this paper as the T.SoAo System. The general methodology developed for es-

timating the reliability-performance of complex systems has been applied to

this specific system, with results as outlined in the following sections of
this paper.

The application of a general methodology to a specific example system

serves several useful purposes. First, this approach showswhat approxima-

tions and assumptions are required in order to stay within the limitations

of time, available equipment, and costs. Secondly, any gaps or missing

details in the methodology becomeevident during the step by step applica-
tion to the specific system. These gaps must be filled in either with new

or existing theory, or singled out for future study. Third, an example,

written in language that is familiar to the engineer will insure acceptance

and quick reduction to practice of those techniques that the engineer recog-
nizes as assisting him in performing his job.

In this report, the emphasis is on the application of certain tech-

niques that mayprove useful in the early design stages of an equipment

when the complete equipment is not yet available for test, and the mission

input-environmental conditions may be unknown, or partially known. The

components of the equipment are subjected to tests, and the component test

data and data from past experience with similar components are used to con-

struct a probabilistic model of the equipment. This mathematical model

then becomes useful for:
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I. Evaluating the given design in terms of the probability of success-
ful performance of a given mission.

2. Determining the effect of proposed design changes on the probability
of successful performance.

3. Determining the critical componentsand/or input conditions.

4. Evaluating the effect of different inputs and environmental condi-

tions on the probability of successful performance of the mission.

5. Determining the effect of specifications at the interface of equip-
ments on the probability of successful performance.

It is important to note also that it is possible to estimate either

the probability that one specific system will perform as desired, or the

probability that any sample system from a population of nearly identical
systems will perform as desired. In the first case, observations are made

of the behavior of the specific system components, and the variations and

parameter values of these componentsare used in the mathematical model of

the system. In the second case, manufacturing tolerances introduce addi-

tional variability into the mathematical model. For the example considered

in this report, observations are taken on one set of componentsand an esti-

mate is made of the probability of successful operation of a system madeup
of these particular components.

The step by step procedure followed in evaluating the reliability of

the T.S.A. system may be outlined in general form as follows:

I. The equipment for which the reliability investigation is to be

conducted is defined. The equipment reliability is defined as

the probability of no failure in a specified time interval 0,t.

2. The operating conditions of the equipment during the mission of
interest are defined.

3. The mission is subdivided into convenient time intervals during
which the mode of operation of the equipment remains fixed.

4. The failure of the equipment during each modeis carefully de-
fined in terms of the behavior of certain measurable attributes

of the equipment.

5. The equipment is subdivided into convenient elements for which

failure data is available or for which data may be generated by
suitable experiments.
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6. For each element, attributes are selected that define the perform-
ance of the element.

7. The inputs and environmental conditions for each element are in-

vestigated. By experience, intuition, or screening experiments,
the important inputs and environmental conditions are selected for

analysis.

8. The selected inputs and environmental conditions are classified as

to expected behavior over time, and are described mathematically.

In most cases, a probabilistic description is required, since exact
values to be encountered in the mission are unknown.

9. A generalized transfer characteristic relating the element attri-

butes to the element inputs and environmental measures is developed

using theoretical and empirical techniques, or alternatively, the

behavior over time of the element attribute is determined by ob-

servation as the inputs and environmental conditions expected to be
encountered in the mission are simulated.

i0. The functional relationships between the elements are used to prop-
agate attribute behavior through the various elements to determine

the behavior of the equipment attribute. The equipment reliability
is then calculated from the definition of equipment failure and
the estimated attribute behavior.

ii. The reliability function for each mode or time interval is properly

combined to estimate the probability that the equipment will per-

form successfully during the assigned mission.



Page Four

2.0. DESCRIPTIONOFTHETILT STABILIZATIONASSEMBLY

The T.S.A. is described in somedetail in reference 2, section 2. A
brief general description will be repeated here.

The function of the T.S.A. is to provide horizontal stabilization of

an aircraft radar antenna over aircraft tilt angles of + 20° from the hori-

zontal. A vertical seeking gyroscope is used as a horizontal reference
sensor.

Physically, the TSAconsists of three separate major components, a

Eyro-torque unit, servo amplifier, and rotary inverter. Functionally, the

components comprise an a.c. position servomechanism with both position and

rate feedback loops. A pictorial sketch of the system is shown in figure I.

A functional block diagram with the definition of important variables is

shown in figure 2. With reference to these figures, the system operation

is described as follows:

A change in aircraft pitch angle, _ , is detected by comparison with
a

the gyroscope outer gimbal angle _r" Ideally, the gyro gimbal angles remain

fixed with respect to an inertial coordinate system. The aircraft motion

therefore displaces the autosyn rotor with respect to the stator and the

autosyn generates an a.c. error signal e . The error signal is then ampli-
e

fied and used to drive the servo motor in a direction to null the error

signal by rotation of the autosyn stator. Since the servo motor is also

connected through a gear train to the output arm of the system, the output

arm angle tends to remain fixed with respect to a horizontal inertial ref-

erence plane.

The two degree of freedom gyroscope uses a ball and disk erection de-

vice to cause the spin axis of the gyro to tend to align itself with the

local gravity vector.

A caging-uncaging motor is used to hold the gyro rotor fixed with re-

spect to the equipment case upon command of the operator. This moto_ mechan-

ically locks both gyro gimbals. A relay in the amplifier converts the d.c.

(caging-uncaging) command signal to the a.c. signal that is required to op-

erate the motor.
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A typical mission profile for the T.S.A. is shownin figure 3. For this

mission, four modesof operation of the system may be identified.

i. Power off

2. Power on - gyro caged

3. Cage - uncage
4. Stabilization

For the purpose of calculating the probability of successful operation dur-

ing this mission, the power off mode is eliminated from consideration by

making the assumption that the system is functioning properly at t = 0, im-

mediately after the power is turned on.

In the assumed mission profile, a warmup time of 45 minutes has been

allowed before stabilization is required. Also, a 15 minute period between

uncaging of the gyro and the stabilization mode has been allowed so that any

transient disturbances caused by uncaging will have time to dampen out.

These specific time periods are chosen to permit a numerical calculation of

the probability that the system will have no failure up to the time t = i hr.

(just prior to recaging), given that the system is operating properly at

t = O. The failure event is defined in the following section.



PageSix

TSASystem

Air Frame

Antenna

Inertial Reference

Tilts ! 20°

Pitch Axis

Servo Motor

G

Autosyn _. _L J uu_pu_ blnKage \

Stator ___./f_ ...._ 1

_I / _ _vao._ _ _ror_ ! "

_ Roll Axis 1 inverter i

l
Spin Axis 24 v.d.c.

Figure i. Pictorial Sketches of TSA System
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3.0. DEFINITION OF THE RELIABILITY OF THE T,S.A_

To determine the probability of successful operation of the T.S_A., the

event "successful operation" must be carefully defined. To define this

term, a quantitative measure of performance must be found for the system,

and bounds must be placed on this measure so that all observers will agree

that a particular trial of the system is either a success or a failure.

The purpose of the T_S.A. is to maintain the output arm angle Zi' meas-

ured in an inertial coordinate system, within limits such that the radar

system of the aircraft will operate successfully. Hence, a suitable defi-

nition of failure might be: "failure occurs if the output arm angle Yi

exceeds a limit of ! c degrees, at any time during the time period when

stabilization is required." This is not the only definition of failure that

could be used, and others have been suggested in reference i. Using this

definition, it is evident that a failure cannot occur before stabilization

is required, hence the system reliability as defined must be unity up to

this time. The operation of the system prior to stabilization is best han-

dled by subdividing the mission into time intervals, as follows:

TI = 0 <, t< tI = gyro caged, system power on

T2 = tI ! t < t2 = uncaging takes place

T 3 = t2 ! t < t3 = gyro uncaged, stabilization not required

T4 = t3 _ t ! t4 = stabilization required

The system is assumed to be operating properly at t = 0. Any malfunctions

in the system during the interval 0 _ t < t3, in accordance with the defini-

tion of failure, will be detected at time t3. A plot of the probability of

no failure vs. time will thus contain a sharp jump at time t3. System mal-

functions during the period 0 to t3 are taken into account by estimating the

probability that no malfunction occurs during the period 0 to t3 that will

cause the output arm angle 7i to exceed a level ! c at time t3, with cer-

tainty. To define the notation, let STI represent the event of no malfunc-

tion during time period T I that would cause certain system failure at time

t3. Further, define:
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RTI = Pr(STI )

RT2= Pr(ST2/STI)

RT3= Pr(ST3/ST2STI)

RT4(t;c) = PR(17i I < c in t 3 _ t _ t4/STBST2STI)

Then the system reliability is given over the mission interval 0 _ t < t-- 4
by:

R(t;c) = I 0 _ t < t 3

R(t;c) = RT4(t;c ) RTIRT2RT3 t 3 ! t ! t 4

The reliability RT4(t;c ) will be called the probability of successful oper-
ation of the system during the stabilization mode, and will be estimated
first.

The above probabilities are also considered to be conditional on the

inputs to the system, including environmental inputs, being within certain

acceptable ranges, or:

RT4(t;c) = er(17i I < c in t 3, t/STIST2ST3 XIX2 ..oo Xn)

where XI = event of acceptable input xI

X = event of acceptable input xn n

In most cases, these acceptable ranges are determined by the definition of

failure of the equipment that supplies the particular input. In the math_

ematical model of the system, these input ranges may be considered as vari-

ables of the model if it is desired to find optimum ranges or specifications

at the interface of equipments.

For the ToS.Ao system, the inputs that are considered include the D.C.

supply voltage from the aircraft (E), the ambient temperature (T) and the

pitching motions of the airplane (_). The system, considered as a singlea
element, is represented as follows:
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TSA

T _------>[____J

> Yi

Here _a is a random process that will be discussed in detail in the following

sections of this report. E and T are considered to be random variables that

will have fixed values over any given mode of operation during the mission,

but the exact value is unknown a priori, u represents variations within the

system that in turn cause variations in the system output 7i. The ranges

on E and T are taken to be:

20 < E < 30 volts
m

0 ! T! 90°C

These ranges will serve as guides for the tests to be conducted on the sys-

tem. In selecting these ranges, it is important that they include the

actual values that might be encountered in the mission, if possible.

The environmental conditions that are not considered, such as linear

accelerations, humidity, radiation, and pressure, are considered to be of

secondary importance, but it should be realized that any reliability esti-

mate obtained will be conditional on these inputs having values that corre-

spond to their values under the laboratory conditions at which the component

tests are conducted.

To simplify the equations to follow, the notation of the acceptable

input conditions, and the condition of no prior malfunctions will be dropped,

but should be understood to be implied in the probability statements.

In the expression for the reliability of the TSA in the stabilization

mode, it is convenient to consider the probability of a "catastrophic" fail-

ure separately:

RT4(t ;c) = Pr(n.c.f. in t3, t) Pr(17i I < c in t3, t/n.c.f.)

where n.c.f. - no catastrophic failure
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The first probability will include suddenchanges in the system that are

certain to cause the output arm angle to exceed the assigned limits.

A specialization of the above expression suggested in reference i,
"Probabilistic Models for SystemReliability" by J. B. Lewis and W. T. Wells
is:

t
-f h(_/_) dT

R(t;c) = f[e o ]If f(w;t/_) dw] fT(_) d_
F c

Where :

F is the region of the input space where the inputs are considered

acceptable.

represents the random variables that describe the inputs.

w is some monotonic function of the output attribute.

c represents the bounds on the w function.

f(w;t/_) is the conditional time changing density function of w.

fT(_) represents the joint truncated density function of the input

random variables, truncated at the boundary F.

h(T/_) is the conditional catastrophic hazard rate, generally time

dependent.

To apply this general model to the T.S.A. system, assumptions will be made

as follows:

i. For catastrophic failures, the hazard rate is constant throughout

the time interval considered.

2. The inputs E, T, and b are independent.
a

3. The input process _a(t) will be a stationary process, and component

tests will be conducted with this inputsimulated as closely as

possible.

Also, to aid in the numerical calculations, the multiple integral over the

input space will be approximated by finite sums.

With these assumptions and approximations, there is obtained:
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R_4(t;c) = Z Z
i=l j=l
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[e- (h4/EiTj) (t-t 3)
][RD(t ;c/EiTj ] X

[Pr(E. < E < Pr(Tj < T < T ]i- 1/2 Ei÷ i/2) -I/2 j+ 1/2

Here RD has been used to represent the conditional probability of a failure

due to causes other than random catastrophic, and includes drift, degrada-

tion, and performance failures. R D is used here instead of the integral of

a density function because the choice of a suitable density function will

depend upon the behavior of the output attribute, and this behavior must be

determined first. The sums are over the region of the acceptable input

space, and the last two probabilities are normalized so that:

n m

Z Z [Pr(Ei_i/2
i=l j=l

< E < Ei+i/2) Pr(Tj_I/2 < T < Tj+I/2] = i

The objective in the following sections of this report will be to ob-

tain estimates of the various terms in the above expressions using data

from past experience with similar equipment, data from component tests, and

analytical techniques where required.
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4.0 ESTIMATIONOFTHEPROBABILITYOFNODRIFTORPERFORMANCEFAILURE

To estimate the probability that the inertial output arm angle remains

within limits of ! c degrees, given that no catastrophic failures have
occurred, the information desired is:

a) A generalized transfer characteristic relating the system

attribute to the system inputs, and describing the internal

variations of the system:

7i(t) = g[E, T, _a(t), _(t)]

(t) and e(t)b) Adequate statistical descriptions of E, T, _a '

c) Numerical values for the limits + c.

With this information, the process 7i may be simulated on an analog or

digital computer, or known analytical techniques may be used, to calculate

the desired probability.

To develop the generalized transfer characteristic for the T.S.A., the

system is first broken down into convenient elements. Each element is

examined separately, and an expression developed for the output as a function

of the inputs, insofar as known. This development of theoretical element

transfer functions is done in the conventional manner, using the physical laws

that apply in a particular case. The parameters of the theoretical transfer

function are then considered as attributes of the element; that is, these

parameters are considered as describing the performance of the element. For

example, for the gyro-autosyn considered as an element, it is expected that

the output signal will be proportional to the angular displacement of the

autosyn rotor with respect to the stator, or:

where:

ee = KeI_e] sin(°°ot+_) (volts)

K = constant of proportionality or "autosyn gain"
e

= frequency of autosyn reference voltage
O

= phase angle (+ _/2 or - _/2 depending upon direction

of displacement)

The angle _e may be expressed in terms of the angles defined previously in

Figure 2 so that:

ee = Kel_a - _r - _s I sin(°_ot+_) (volts)

or in terms of rms volts:

V = K (_a - _s ) + N (rms volts)e e G
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NG = -Ke_r
+V = corresponds to clockwise motor rotation(_ = +_/2)e
-V = corresponds to counter-clockwise motore

rotation (_ = -_/2).

NG represents the componentof the output voltage due to gyro drift.

The parameter Ke and variable NG are selected as the important attributes
of the gyro-autosyn combination, and the behavior of these attributes over

time is of interest for predicting the behavior of the system over time.

Other parameters of the gyro autosyn are considered to be of secondary impor-

tance in the particular application under study. Tests are to be conducted on

this element to determine if the theoretical expression is reasonably valid,
and also to determine the behavior of the attributes over time as a function

of the environmental inputs such as ambient temperature and supply voltage.

Proceeding in this manner for each element, a functional diagram for the

system is developed showing the inputs and selected performance attributes of
each element. The choice of elements and attributes and the functional

relationship between them for the T.S.A. is shownin Figure 4. Note that it
has been assumedthat each element of the system operates in the sameambient

temperature. If this were not the case, it would be indicated on the functional

diagram by using a dummyelement, as shownbelow for an example where the ambient

temperature in which element B operates is thought to be about 20%higher than
the ambient temperature of element A.

The system functional diagram is used as a guide for the tests to be con-

ducted on each element, and as a guide for obtaining the system transfer
characteristic from the element transfer characteristics.
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4.1 DEVELOPMENT OF ELEMENT TRANSFER CHARACTERISTICS

4.1.1 Amplifier

From the system functional diagram, it follows that the amplifier considered

alone is represented as:

V
e

Eac_ 1

T

Signal input voltage

3 phase supply voltage

Ambient Temperature

AMP. Amplifier gain ,._ SA_ V
Saturation level _ s! c

Null Voltage _ NaJ

Low voltage outpu_ Eac_2

Damping resistor > RD

and it is desired to express each of the amplifier attributes as functions of

the inputs and internal variations of the amplifier, if any.

The specific procedure used for empirically obtaining these expressions is

as follows:

i. Holding Eac_l and T fixed at design value and room temperature,

respectively, the rms value of the output voltage (Vc) is measured

as the signal input voltage (Ve,) is set at various levels. A

load impedance similar to the impedance that the element will

encounter in the system is used.

2. From the results of (i), we find that the amplifier output

voltage may in fact be approximately described by the attri-

butes: gain (KA) , saturation level (Vs) , and null voltage (Na).

That is:

V
V _ s

c KA V ' +Ne a for IVe,l < KA

,

V

Vc _ Vs for ]Ve,] >_

The value of KA is determined by the method of least squares,

fitting a linear slope to the data points of the V vs. V , curve.
c e

The degree of approximation is measured by the goodness of fit

of the least squares slope. The nominal value of V is obtained
S

by averaging the positive and negative data points in the region

of the V vs. Ve, curve where the curve is flat, (Figure 5 page 20)C ' "

Next, the amplifier output voltage is observed at three levels

of input voltage, while the supply voltage and temperature are
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set at high, nominal, and low levels in a full factorial experiment,

The measurementsare madeat 5 minute intervals over a time period

of thirty minutes, to detect any short term drift of the attributes.

The attributes E and RD are also measuredat the 5 minuteac-2
intervals. From this data, the value of KAmay be calculated, while

Vs, INaI' Eac_2, and RD are measureddirectly. Data taken in this
experiment is recorded in appendix D.

4. To express the test results in a usable mathematical form, the

linear and quadratic terms of a Taylor's Series are used to appro-

ximate the relationship between a particular attribute of an element

(Y), and the input-environmental randomvariables. As an example

of this model, for an attribute that is time invariant, we have:

Y = bo + biT + b2T2+ b3E+ b4E2+ bsTE

where the b's are constants estimated by the method of least squares

from the data. The term (b5TE) represents the contribution of the
linear x linear interaction of T and E. The IBM 7072 computer

at Duke University was used for the actual computational analysis

of the data. The computer program is based on a step-wise multiple

regression procedure whereby only the statistically significant

terms of the Taylor's expansion are included in the model. In this

way the final regression is simplified by including only those

terms that significantly reduce the variance. The program is an

expansion of the program written for the IBM 650 '_ultiple Regression

by Step-wise Procedure," No. 6015-3112, reference [I0].
5. For the case where the test data indicates that an attribute must

be described by a time changing probability density function, a

suitable functional form is postulated, and the coefficients of

the function are estimated from the data. For the amplifier null

voltage, an equation of the form:

iNal = K
i + be-at

was found to fit the data reasonably well. The coefficients a, b,

and K were then estimated from the data. H. Hotelling (Journal of

the American Statistical Association 22, 1927, p. 283) gives a

technique for estimating these coefficients. The data indicated



PageNineteen

that K was a function of the input conditions, hence K was subjected

to the multiple regression analysis described in (4).

Analysis of the test data by the above described procedures gives results for the

amplifier attributes as follows:

KA = 3409+ 41.7 AEac_l - 1.10(AEac_l)2

(s = 34)

2
V = 115.2+ .058 AT - 0011(AT) + 1.21 fiEs " ac-I

- .055(AEac_l)2 + .0025 AEac_l AT

(s = .9)

INal = randomprocess, normally distributed at any t, with:

estimated mean=
1.86 + .0122 AT - .0425 AEac-i

-.247t1 + .218e

estimated standard deviation = .29

RD = 304 ohms, independent of time, temperature and supply
voltage

E
ac-2 = .24 E independent of time, temperatureac-I

where: AEac_l = (Eac_l - II2V)

_T = (T - 26°C)

t = time in minutes,

t = 0 corresponds to power on time plus

i0 minutes.

s = goodness of fit (Standard deviation)
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160-

120
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Saturation level

116 volts

40

Slope : 3429
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-60
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-40 -20
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-160

2_ 40 _o

RMS input voltage - millivolts

Figure 5 - Nominal Amplifier Characteristics
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4.1.2 Gyro-Autosyn

The gyro-autosyn, considered as a single element, has attributes and

inputs as shown below:

a

s

E
ac-2

Aircraft pitch angle

Autosyn stator angle

Supply voltage_ amplitudefrequencv

T Temperature

Gyro-

_; Autosyn
'7

Autosyn gain> K e

Gyro drift _ NG

This element presents a more complicated situation than the amplifier because

of the mechanical input processes _ (t) and _ (t). It is desirable to simulate
a s

these inputs as closely as possible with motions that the gyro will encounter

in the mission.

(t) and _ (t) will have no effect on the autosyn gain attributeThe processes _a s

in the linear approximation by definition. The input _a(t) will affect the gyro

drift attribute because of the friction at the gyro gimbal bearings. When the

changes value an unwanted torque will be applied to the gyro throughangle _a

this gimbal friction, and this torque will cause unwanted drift of the gyro.

(t) stator angle, could affect the gyro drift attribute since torqueThe input _s '

will be applied to the gyro through electromagnetic coupling in the autosyn.

The magnitude of this torque is determined by the current flowing in the autosyn

and _ , and the design parameters of thewindings, the difference between _a s

autosyn. Since the current flowing in the autosyn windings is extremely small,

and since the system operation keeps the difference _a - _s very small, it is

felt that the torque applied to the gyro through this means of coupling will be

negligible as compared to the torque applied through friction in the gimbal

bearings. The input _s(t) is therefore held at a fixed value during the gyro

tests.

To simulate the process _ (t) realistically, the literature was searched
a

to obtain data on the characteristics of aircraft pitch motion. From reference

[4], as described in detail in appendix B, a statistical description of the

characteristics of atmospheric turbulance is obtained, along with sufficient

information to translate these atmospheric disturbances into typical aircraft

pitching motions.
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To provide the pitching motion input to the gyro-autosyn, a voltage ana-

logous to the angle _a is generated on an analog computer, using a noise

generator as a source, and shaping the noise on the computer to achieve the

proper statistical characteristics. The voltage thus generated is used to

drive a platform on which the gyro is mounted. The platform motion then

closely simulates the motion that the gyro-autosyn will encounter in a

typical mission.

Tests are conducted on the gyro-autosyn element to measure the attributes

K A and N G over a time period of thSrty minutes under various input-environmental

conditions. Observations are made of the autosyn output voltage minus a voltage

proportional to the gyro platform motion. This results in a voltage output

proportional to N G = K _r' when _ = 0. Twenty trials at nominal conditionse s

were conducted to establish the form and distribution of the gyro drift attri-

bute. Next, the variables temperature (T), supply voltage frequency (_o) ,

and supply voltage amplitude IEac_21, were each set at two levels in a full

factorial experiment, with four replications at each condition. To avoid any

bias in the data due to the effect of the earth's rotation on gyro drift, each

of the four replications are taken with a different orientation of the gyro

(N,E,S,W). This experiment yielded 52 sample functions of gyro drift.

Examination of the data indicated that the variable _ had no apparent affect
o

on the gyro drift attribute over the range considered. Thus, for the variables

temperature and supply voltage, the data effectively is as shown below:

Temperature T

Supply Low Nom. High

Voltage

8 trials 8 trials

20 trials
E
ac-2

Low

Nom

High 8 trials 8 trial_

To more accurately determine the effect of temperature and supply voltage ampli-

tude, the blank blocks in the above experiment were later filled in with 4

trials in each block, resulting in data as follows:
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Supply

Voltage

Eac-2

Low

Nom,

High

Low

Temperature T

Nom, High

8 trials 4 trials 8 trials

4 trials 24 trials 4 trials

8 trials 4 trials 8 trials

For the gyro drift attribute, each trial is in the form of a continuous record

over a time period of thirty minutes. A typical sample function of gyro drift

is shown in Figure 6. The maximum amplitude of the gyro drift over the last

15 minute portion of each trial is recorded in appendix D. The analysis of the

gyro drift data is discussed in Section 4.3 of this report, "Analysis of Drifts."

The behavior of the attribute K autosyn gain, is determined by holdinge'

and _ constant while supply voltage and temperature are setthe angles _s a '

at three levels; low, nominal, and high. No drift of this attribute over time

is noted under fixed input conditions. Data on the attribute K is subjected
e

to the multiple regression procedure described previously to obtain:

Ke = .1119 - .000289 AT + .00093 AEac_l Volts/degree

(s = .0029)

A plot of autosyn output voltage vs. angular displacement is shown in

Figure 7, under nominal conditions of temperature and supply voltage. The

curve is reasonably linear over most of the range of importance.

4.1.3 Motor and Gears

The motor and gears are considered as a single element, and are represented

V
c

as:

E
ac-i

T

Control phase voltage _I

_I Motor

Reference phase voltage
f

Ambient Temperature

Motor gain > Km

Time constant •
> m/

Gear ratio > R

7

Where the theoretical linear motor transfer function is derived in reference

[2] as:

K
m _=R_ ;

V S(_mS+l) @
c
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To check the validity of this expression, the motor speed and the motor

"time constant" are observed at various values of control voltage, while the

reference phase voltage and the ambient temperature are held fixed at nominal

conditions• A plot of @vs. V is shownin Figure 8. This plot shows that thec
motor exhibits a deadbandcharacteristic, in that no rotation of the motor

takes place until the control phase voltage is at least ten volts. The linear

least squares slope that represents the nominal value of K is also showninm
Figure 8. This linear approximation, which neglects the deadbandeffect,
should give reasonable results if V does not remain in the intervalc
-i0 < V < i0 volts for a large percentage of the time, with the signal

c

levels that are simulated. The value V = I0 v. corresponds to a system angular
c

error of .026 degrees. This error can exist before any corrective action will

be initiated by the system.

The motor time constant, Tm, is measured by introducing step voltage

inputs to the motor, and recording the resultant change in the motor speed

on a continuous chart recorder• The experimental results indicate how the

time constant changes with the magnitude of the step input voltage• This

data is recorded in appendix D. The value of m obtained from a step
m

voltage change of V = + 41 volts is selected as being the most representative
C m

value to use in the approximate linear transfer function.

To determine the effect of the environmental inputs on the attributes K
m

and Tm, the supply voltage and temperature are set at three levels, and at

each condition of supply voltage and temperature, the motor gain and time

constant are measured. The resulting data is listed in appendix D, and

analysis of the data by the methods as described previously gives:

K = 437 + 1.81 AT - .40 AE
m ac-i

(s = 27)

m
= .368 + .00074 AT - •0000213 (AT) 2

- 0053 AE - 00018 )• ac-i " (AEac-i

degrees/sec/volt

2
sec.

(s = .011)

R = 1/306 degrees/degree
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4.1.4 Tachometer

The tachometer, although physically contained in the motor, is treated

as a separate element because of its entirely different function in the system.

From the system functional diagram, the selected inputs and attributes are

identified as:

V
e

Eac- 2

T

Motor speed

Signal input voltage

Supply voltage

Damping resistance

Ambient temperature

f

Tach.

r-

Tach. gain

The actual output voltage versus motor speed, with the other inputs held fixed,

is shown in Figure 9. From this plot the degree of approximation required in

assuming a linear transfer function of the form-

A

Ve ,

A -- _S

8

is shown.

The input resistor RD was found from tests on the amplifier element to

remain constant within measurement accuracy with changing ambient temperature

and supply voltages. Hence, this input is held fixed during the tests on the

tachometer. The attribute _ is measured while temperature and supply voltage

are set at three levels by recording the output voltage and motor speed at each

level of supply voltage and temperature. Knowing these variables permits the

calculation of _ at each condition. The data is recorded in appendix D. The

tachometer gain did not appear to change over time when observed for thirty

minutes, hence the attribute is considered a function of the supply voltage

and temperature only. The mathematical expression obtained is:

KT = [1178 - 3.38 AT + 8.9 f_E i] 10 -8me-

(s = 76 x 10 -8 )

Volts/deg per sec.
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4.1.5 Inverter

The selected attributes of the inverter include the magnitude and frequency

of the a.c. voltage output. The element is represented as:

I J
ED.C. D.C. Supply ,j Eac-i

T Ambient temperature o
"l

_ A.C. Output voltage __ Eac_l
f

To determine the behavior of the attributes, the temperature is held at fixed

levels and the output voltage magnitude and frequency are recorded as the D.C.

supply voltage is set at several levels. The test results are shown in graphical

form in Figure i0. With fixed inputs, no time variation in the attributes is

observed. The variation with ambient temperature is small. For nominal input

conditions, the output voltage and frequency are given approximately by: _

IEac_l I = 7.70 ED.C.

= 28.84 EDo .C.

- .125(ED.c.)2 volts

- .495(ED.c.) 2 cps

(18 < ED.C. < 30 v)
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4.2 SYSTEMTRANSFERCHARACTERISTIC

From the mathematical representation of the elements of the system, the

error model of the complete system is developed. The linear system representa-

tion is shownin Figure ii. From this diagram, an expression for the system
attribute is obtained in Laplace transform form as:

A

N

o + + l7i As 2 + Bs + i a r e

where : A =

T
.m

KeRKAKm

1 + KAKmKT
B=

KeRKAKm

oo

Sa = 6a (s) = f 6(t)e -st dt
o

and KA, Km, KT, Ke _r and' Tm' ' a

mental inputs.

are functions of the environ-

If the processes _r(t) and N (t) are slowly varying quantities in comparisona

with ¢ (t), the above expression may be simplified to obtain:
a

A
^ Bs(_ s + i)

7i _ As 2 + Bs + 1
_ +_ +____a
a r KAK e

The coefficients A and B are random variables that will take on values

determined by the random variables EDC and T. From the known values that the

terms in the expressions for A and B take on as functions of Eac_l and T, it

is possible to obtain an expression for the coefficients A and B as:

A _ [622 - 1.45 AT - 28.4 _Eac_l

+ .127 _T &E i] 10 -6
ac-

(s = 41 x 10 -6 )

B _ 341 x 10 -4

(s = 6 x 10 -4)

2
+ .87 (GEac_l)

As would be expected, the feedback configuration decreases the effect of the
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individual part parameter variations. Even though the terms in the expression

for the coefficient B vary considerably with supply voltage and temperature,

the combination of these terms remains constant, to a high degree of approxi-

mation. The feedback configuration also reduces the effect of amplifier null
voltage drift, N , on system error.a

The system error model, together with adequate descriptions of the behavior of

the drift and input processes, permits the calculation of the probable time

behavior of the system attribute. This calculation will certainly be tedious,

if not impossible, by hand. However, if each time dependent process is con-

sidered separately, the task is not difficult.

The first step in determining the behavior of the system attribute 7i will
thus be to investigate the magnitude and importance of each time process in the

error model, considering each separately. The system attribute will be con-

sidered to be madeup of these components:

^ Bs(_ s + I)
(error due to system time delays)

7ia As 2 + Bs + i a

^ a

/ic - K K
a e

(error due to gyro drift)

(error due to amplifier drift)

paper.

The importance of each component is considered in the following sections of this
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4.3 ANALYSISOFDRIFTPROCESSES

4.3.1 Analysis of Gyro Drift _r

The gyro drift data is first corrected for changes in autosyn gain. That

is, the observed data is NG(t) = Ke _r(t)' and the desired data is _r(t). Know-

ing the variations in K as a function of the environmental inputs permits thee

correction of the data.

The observed drift recordings indicate that a model of the form:

'_r(t) = (A+ Bt_e _t) sin(mt + 7)

where: A, B, 5, 8, and _ are random variables and A, _, and

depend upon supply voltage and temperature.

will be required to describe the data. In considering the gyro drift alone, how-

ever, it is not necessary to estimate the coefficients above. The data is taken

over the full mission time, hence the probability that the attribute 7i does not

exceed a level ! c due to gyro drift only can be calculated from the probability

density of the maximum amplitude of the drift over the simulated mission interval.

Using this approach, with each sample of gyro drift, there is associated a ran-

dom variable w, the maximum amplitude of the gyro drift over the last 15 minutes

of a 30 minute test period. For example:

r r

wl

_ I, t

I

_-- 15 minutes

I-
w2 L

<------ 15 minutes

The random variable w obtained from the twenty drift samples at room temperature

and nominal supply voltage is found to have a log-normal probability distri-

bution. The twenty amplitudes are plotted on log-normal paper in figure (12).

The assumption is made that the underlying distribution at conditions other than

nominal is log-normal also. With this assumption, a conditional probability

density function is found for each set of input conditions. The mean value of

these conditional density functions is subjected to the multiple regression
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analysis described previously to obtain:

mean (inw) = .453 - .05094 AT + .0104 AE
ac-i

+ .0006188(AT)2 + =00153(f_Eac_l)2

SoD. (inw) = .409

The probability that the system attribute 7i will not exceed a level ! c due
to gyro drift during a 15 minute interval is then calculated from:

q-c

RT4(C;15/Eac-I 'T) = / f(w, 15/Eac_l,T)'dw
0

This calculation for Icl = i°, 2° , 3°, and 5° is shown in table i, for 5 levels

each of Eac_l and T. (page 37)

4.3.2 Amplifier Null Voltage Drift

The amplifier null voltage amplitude is described by a time changing normal

density function:

1.86 + .0122 AT - .0425 AEac_lI I

mean iNal = -.247t volts
i + .218e

SoDo = .29 volts

The effect of this drift process on the system attribute will be analyzed with

the other drift processes considered zero.

To convert the voltage N
a

have :

to degrees variation of the system attribute, we

N (t)
a

Tic(t) - KAKe

The term KAK e is a random variable whose value is determined by the value of the

supply voltage and ambient temperature.

The importance of this process can be determined by considering the effect

of null voltage drift in a "worse case" sense. The term K K is a function of
Ae

truncated random variables, and from information obtained previously, the

f(w,15/E ,T) - i Exp [inw - mean (inw)]
ac-i .409 2_ 2(.409) 2
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smallest value that the term can take on may be found.

from the equations:

This value is found

KA = 3409 + 41.7 f_Eac.l - i.i0 (AEac.1)2

Ke = .1119 - .000289 AT + .00093 f_Eac_l

Eac_l = 7.70 ED.C. - .125 (ED.c)2

AEac.l = (Eac_l 112)

AT = (T - 26)

20 < ED.Co < 30 ; 0 < T < 90

Going through the calculations, we find that the minimum value of KAKe will occur

at a temperature of 90°C and a d.c. supply voltage of 20 volts. At these conditions:

KeKA min.= 258 volts/degree.

The mean value of INal will be maximum under the same conditions, and with

t ----_ oo.

mean INal max.= 2.98 volts.

Hence, the error in the system attribute for the worse conditions of temperature

and supply voltage is described by the normal density function with:

mean 17icl - 2.98 _ 01155 degrees258

S.D,

.29

258 - .00112 degrees.

From this density function, we see that with a probability of .9999, the error

in 7i due to amplifier null voltage considered alone will be:

1Tic i < .0156 degrees

This source of drift can therefore be considered negligible in comparison to the

gyro drift.
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4.3.3 Error due to the System Time Delays

The third component contributing to the variations in the system attribute

is the component that arises because of time lags in the system• With gyro drift

and null voltage drift zero, the expression for this error is:

^ Bs(i s + i)
7ia = _s 2 + Bs + 1 a

Where _a(t) is a stationary Gaussian process with zero mean, and known spectral

density•

To investigate the importance of this component of system error, the

spectral density of the random process 7ia(t ) can be found for particular values

of the random variable _, and this, in conjunction with the methods outlined in

reference [ 3 ], will be useful in making probability statements about the behavior

of 7ia(t ).

The spectral density of 7ia(t ) is given by:

A..

Bs(-_B s + I) 2

=
_7(_) Aij A.°s 2 + Bs + i

lj

Where: Aij is a value of _ corresponding to values of supply voltage E.l and

temperature T°.
J

The spectral density of the input process ¢ (t) is obtained from the transfer
a

function from white noise to Ca' as derived in appendix B. The expression for

this spectral density is:

KlJ00(l + J5-_.7 )

a) a_ +._2(.84).(I + j._)
(i + j3-_.3)(I + j.-_)(l (4.93)2 J 4.93 )

A plot of this function is shown in Figure 13, using a log scale, and in Figure 14,

using a linear scale. The constant K I is determined from the assumed mean square (ms)

value of the wind gust vertical velocity WG/V(t), as follows:

K I = .391_ 4(ms)_ radians

and for mS(VW-_G) = 46 x 10 -4 we obtain KI = 0283 rad

With this value of K I and using graphical integration, the calculated RMS
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value of the process _a(t) is found to be:

_a RMS= .482 degrees

The process _ (t) achieved in the simulation has a measured rms value ofa
approximately:

_almeasuredRMS_ .425 degrees

This measurementwas obtained from a one minute sample of the process. A

histogram of the amplitude distribution of this sample is s_ownin Figure 15.

To obtain the spectral density of the system attribute due to this process
considered alone, particular values of the randomvariable _ must be selected.

A table of values of A is shownbelow,where these are calculated from the

expression for A given on Page 32:

AT

-26

0

+64

-12 0

1165 660

1088 622

898 529

+12

405

406

411

xl0 -6

The maximum and minimum values of _ are selected from this table, and corres-

ponding to these values, the output spectral density is given by:

® ]7 405 x 10 -6 =

.0341s(8--_.3 + I)

2
s

) + + I]

i .0341s 54.2 + I)_7 (_) = "_ 2 s _(_)
1165 x 10 -6 [(2-_.i) + 29.4 + I

These spectral densities are plotted in Figure 16. From this figure, it is

evident that the random variable _ has very little effect on the output spectral

density. On the linear scaled plot, figure 17, the effect of _ on _ (_) is not
7

noticeable.
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From the spectral density of process 7ia(t), a lower bound on the pro-

bability of no crossing of a given level ! c can be determined using the

techniques outlined in reference [3].

Pr(17ia I < c in T4/E.To) _ I - E [Nij(T4) ]
lj

Where here E[N(T4) ] is the expected number of crossings of a level ! c by

7ia(t) during time period T4, and is computed from:

2T4 X2 1/2 -c2/2Xo

E [N(T4) ] = T (_--) e

GO

k2 = f 002 _ (o_) de
7

o

OD

ko = f _7(¢o) do0
o

The integrand of the first integral is plotted in figure 17A , and by graphical

integrations, there is obtained:

X = 6.23 x 10 -4 degrees 2
o

X2 = 131 x 10 -4 degrees 2 rad 2 sec -2

E[N(15 minutes)] = 2630 exp

2
-C

12.46 x 10 -4

c in degrees.

A plot of the lower bound on the probability of no crossing of a level c by

the process 7ia(t) for the fifteen minute mission time is shown in figure (18).

The graph shows that almost certainly, a limit of ! .13 degrees will not be

exceeded.
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5.0 ESTIMATION OF THE PROBABILITY OF A CATASTROPHIC FAILURE

To complete the system mathematical model, an estimate of the probability

of a sudden system malfunction that is certain to cause the system output arm

to exceed the specified level is required. In this study, no life tests on

the elements or components were conducted, and it was decided to estimate this

probability using conventional "failure rate" data on piece parts. In making

use of this data, several important assumptions are required, as listed below:

i. The published "failure rate" data is applicable to the parts

in the T. SoA. system.

2. The probability of a component attribute radically changing

value is the same during any given time interval AT, under

fixed environmental conditions.

3. The published "failure rate" data includes only failures such

as opens, shorts, or sudden radical departures from nominal

characteristics.

One difficulty in using the published data on piece parts is that the mode of

failure of a given part is not determined, and within an element, the mode of

failure determines the effect of the failure on the element attribute. Depend-

ing on the mode of failure and the functional relationships of the part within

the element, a piece part failure may cause certain element failure, may induce

element failure by overstressing other parts, may increase the probability

of failure, or may have a slight or no effect on the element. To investigate

the effects of individual part failures, experiments were conducted on the

amplifier of the T.S.A., whereby, piece parts failures (shorts and opens)

were simulated one by one, and the effects of these failures on the selected

amplifier attribute, amplifier gain, were measured. The results of this

experiment are tabulated in table 2, page 50. It is surprising that even in

this simple circuit, certain modes of failure of piece parts would not cause

certain failure of the system, as defined previously. If information were

available on the probable modes of failure of the parts, the reliability

calculation could be refined by weighting certain part failure probabilities

with the probability of system failure given the part failure.

Using published data, such as that found in Military Handbook 217, and

assuming that the part failure rates are truly representative of the parti-

cular parts in the T.S.A. system, a pessimistic estimation of the
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Part

R 657

R 652

R 651

R 656

C 655

C 657

C 654

C 651 & C 652

T 652

Mode of failure

short

open

short

open

short

open

short

open

short

open

short

open

short

open

short

open

Effect on amp. gain

K = .98 x nominal
a

K = 0
a

K = 1.2 x nominal
a

K = 0
a

K = 1.24 x nominal
a

K = 0
a

K = .78 x nominal
a

K = 0
a

K = 0
a

K = .17 x nominal
a

K = 0
a

K = .90 x nominal
a

K = 0
a

K = 1.3 x nominal
a

K = 0
a

Ka+ = 1.8 nominal

K = .7 nominal
a-

short K = 0
a

open i wind-
K = nominal

ing of 3 a

Comments

may overstress tube

unbalances output

overstresses tube

unbalanced output

unbalanced output

inherent redundancy

Other parts either open or short cause K = 0.
a

NOTE: The function of these parts may be seen by referring to the amplifier

circuit diagram, figure CI, page 89.

Table 2

Effect of Shorts and Opens of Piece Parts

on Amplifier Gain Attribute (KA)
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probability of successful operation will be obtained by assuming piece part

failure causes certain system failure. For a system with a small numberof

parts, the actual numerical error should not be great, however.

Making this assumption for the T.S.A. system, the failure rate of each

element in the system is estimated using the techniques outlined in Military
Handbook217, and as described in detail in appendix C. The failure rates

are calculated for three values of ambient temperature and three values of

supply voltage to each element, to obtain tables as follows:

i. Amplifier, gyro, motor-tachometer, combined catastrophic failure

rates in % per i000 hours.

i00

112

124

Eac- I

Temp

0 26 90

9.32 9.33 9.69

10.88 10.89 11.46

15.52 15.53 16.36

Inverter - catastrophic failure rates in % per i000 hours.

Temp

o

20

24

28

ED.C.

0 26 90

13.88 14.29 15.12

16.49 16.52 19.19

16.79 16.83 19.49

A regression surface is then found for these tables, using the Taylor's

series expansion, to obtain the expressions.

h
amp ,motor, gyro

[10827 + 1.35 AT + .048AT + 259.3AE
ac-I

+ 10.70 (AEac_l)2 + .067 (AT) (AEac.l)] 10 -3

(s = .012)

hinverter _ 18.11 + .0275AT + .409AED.c. - .08334(AED.c.) 2

(s = .593)
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Knowing these expressions and the relationship between Eac_l and ED.C., permits
the interpolation to five levels with d.c. supply voltage as the independent

variable, and once the failure rates are on the samebasis, to add them to obtain
the table below:

ED.C.

20

22

24

26

28

Temp

0°C 20°C 40°C 60°C 80°C

24.0 24.6 25.2 25.9 26.7

26.8 26.9 28.2 28.8 29.6

28.9 29.5 30.4 31.0 31.7

30.0 30.6 31.5 32.1 32.9

30.1 30.6 31.5 32.1 32.9

This table gives the estimated conditional catastrophic hazard rates in

percent per i000 hours for the complete system.
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6.0. CALCULATIONOFTHERELIABILITYOFTHET.S.A.

The study of the importance of the several drift processes in the T.S.A.

system indicates that the gyro drift is the critical drift process in the

system, as would be expected. The drift part of the system reliability will

thus be calculated using only the gyro drift in the calculation, and consider-

ing the other drift processes as negligible by comparison in this particular

system. This is not to imply that the other sources of error need not be

considered in the design, but only that this particular design has been suc-

cessful in minimizing the effect of the other drift processes in comparison

with the gyro drift.

The estimate of the probability of the crossing of several levels c by

the system attribute is tabulated in Table i, and in Section 5.0 an estimate

of the conditional catastrophic hazard rates was obtained. The only addi-

tional information needed for a numerical calculation is the joint probabil-
ity density of the input randomvariables E and _. Since these randomvar-

iables are assumedindependent, the probability density of each may be esti-

mated separately. In practice, the estimate of the probability density of

the temperature would be obtained from metec_o_gical data, and an estimate

of the probability density of the d.c. supply voltage would be furnished by

the designer of the d.c. power supply, or would be obtained from tests sim-

ilar to those conducted on the componentsof the T.S.A. system. Conversely,

the specifications that must be placed on the d.c. supply to achieve a given

level of reliability (within limits) for the T.S.A. can be determined. For

purposes of this study, a numerical calculation is madeusing several dif-

ferent normal density functions for the input randomvariables.

Before proceeding to the calculation, the mission time intervals pre-

ceding the stabilization modemust be considered. In these intervals, the

conditional catastrophic hazard rates are somewhatdifferent. During in-

terval TI, the gyro is caged, there is no signal input to the amplifier, and

the torque motor is not in use. During interval T2, a switching operation
takes place when a switch and relay close, and the caging motor runs through

its sequence of operations. The hazard associated with this type of opera-

tion is usually found as "% failures per i000 operations" and is not depen-

dent upon time. An estimate of the various catastrophic hazard functions
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from data in Appendix C is shownbelow for comparison, for supply voltage
and temperature at nominal conditions:

hI = 24.359 x 10-5

h2(t) = [24.359 + 1.02 _(t-t2) ] 10-5

h3 = 30.400 x 10-5

h4 = 30.400 x 10-5

where: _(t-t 2) = 0 for t # t 2

b
f _(t-t 2) dt = I a < t 2 < b
a

The probabilities associated with these catastrophic hazard rates for a one

hour period are large (_.9997), hence little error is introduced by consid-

ering the catastrophic hazard rates to be the sameduring each time interval.

Also, the density functions of the input randomvariables are assumedto be

the sameduring each time interval. These steps are taken only to simplify
the routine calculations. The numerical calculations are therefore made

using :

n m -(hT/EiTj)(I hour)
RTSA(Ihr, 2 degrees) = E E [e ]

i j

• [Pr(7 i < 2°;(15 min)/EiTj)]

• [Pr(Ei_i/2 < E < Ei+i/2)

Pr(Tj_I/2 < T < Tj+I/2]

Where the conditional catastrophic hazard rates are given on page 52 and
the probabilities of no crossing of a ! 2° level are listed on page 37,

2°Table I. The probabilities of no crossing of a level are first obtained

in terms of the d.c. supply voltage instead of the a.c. supply voltage, as
shownbelow:



20

22

[RD(2°; 15 min)] 24

d.c. supply 26
voltage
F__ 28
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Temperature T

0°C 20°C 40°C 60°C 80°C

.0001 .4300 .9800 .9990 .9984

.0001 .4300 .9800 .9990 .9984

.0001 .3900 .9730 .9983 .9976

.0001 .3500 .9660 .9975 .9968

.0001 .3200 .9600 .9970 .9960

For the input distributions, the following truncated normal distributions

are used:

i. Temperature (Deg. C) 4-10)-10 ° 10-30 ° 30-50 ° 50-70 ° 70-90 °

N(50 °, 32 °) .0798 .1765 .2835 .2835 .1765

N(50 °, 20 °) .0219 .1393 .3497 .3497 .1393

N(50 °, 0) 0 0 .5000 .5000 0

2. Supply voltage (volts) 19-21v 21-23v 23-25v 25-27v 27-29v

N(24, 2.5) .0968 .2404 .3256 .2404 .0968

N(24, 1.75) .0347 .2389 .4528 .2389 .0347

N(24, 0) 0 0 1.000 0 0

Voltage Distribution

N(24, 2.5)

N(24, 1.75)

N(24, 0)

where: N(_, o) is a normal distribution with mean _ and standard deviation

o.

For these input distributions, and using the conditional catastrophic failure

rates as given in the preceding section, the calculation for _SA(I hr, 2 de-

grees) yields:

Temperature Distribution

N(50_32) N(50,20) N(50,0)
!

.7986 I .8715 .9850

.8078 .8820 .9852

.8043 .8826 .9854

_SA(I hr, 2 degrees)

The above probabilities represent the estimated probability that the system

output arm will remain within a limit of ! 2° during the assumed mission,
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given that the system is operating properly at t = O, and that the inputs

are within the range throughout which the element tests were conducted, or:

20 _ EDC_ 30 volts

0 T 90°c

To remove the condition on the inputs being within these ranges, the system

reliability is multiplied by the probability that the inputs are within the

above ranges. This will yield an estimate of probability of successful

operation of the system given only that it is operating at t = 0. This cal-

culation gives, for the various assumed input distributions:

Supply Voltage
Distribution

N(24, 2.5)

N(24, 1.75)

N(24, 0)

Temperature Distribution

N_50_32_ N_50120 ) N_50_O_

.6751 .8120 .9403

.7134 •8585 •9826

•7122 .8614 •9854

RTS A (I hr, 2°) Pr(20 < E < 30, 0 < T < 90)

The overall probability of remaining within the _ 2° limits is strongly de-

pendent upon the variance of the input random variables•

The contribution of the catastrophic failure probabilities to the

overall calculation above is very small, and if the catastrophic failure

probability were assumed zero, the figures in the table above would change

only in the 3rd or 4th decimal place For limits of _ 5°• or larger on the

output error, the probability of a catastrophic failure becomes relatively

more important.
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7.0. OTHERUSESOFTHEPROBABILISTICMODEL

7.1. Evaluation of a Tradeoff

To briefly demonstrate the type of design tradeoffs where the system

model will prove useful as an aid to the designer's intuition, consider the

problem of evaluating the effect of omitting the voltage regulator circuitry

in the rotary inverter of the TSA. The regulator consists of several parts,

and the catastrophic failure of any of these may cause complete power loss

to the system. It would be advantageous to eliminate these parts, and thus

decrease the chance of a catastrophic failure in the inverter if the system

will not otherwise be affected adversely.

To evaluate this proposal, the probability of successful operation of

the TSA will be calculated using the (hypothetical) inverter less the regu-

lator, and this can be compared to the results of the previous calculation.

The characteristics assumed for the inverter less regulator (inverter "B")

are shown in figure 19. The nominal output voltage is the same, but the

variation in output voltage with changing input voltage is greater than

that of the original inverter.

The probability of an inverter catastrophic failure is reduced by the

elimination of parts, and from the data in appendix C, the new inverter

conditional catastrophic failure rates are calculated, and are shown below

with the original for comparison:

D.C. 20 20

Supply 24 16.488 16.524 19.185 24

Voltage 28 16.790 16.826 19.591 28

Inverter A (original) Inverter B (less reg.)

Temperature Temperature
0 26° 90 ° 0 26 ° 90 °

13.876 i 14.293 15.117 10.769 11.172 12.798

13.3,69 13.389 15.998
13.670 13.689 16.298

Knowing the relationship between the d.c. supply voltage and the a.c. supply

voltage for inverter B, and the conditional catastrophic and drift prob-

abilities for the remainder of the system as a function of the a.c. voltage,

permits the calculation of the new five level tables, as shown on the fol-

lowing page. The original tables of conditional drift and catastrophic

probabilities are also listed for comparison. Note that the estimated sys-

tem catastrophic failure rate has been decreased for the majority of input

conditions but is increased at high d.c. voltage inputs. This reflects the
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increased voltage stress on the amplifier, particularly the amplifier tubes,

due to the elimination of the regulator. This added stress slightly in-

creases the probability of a tube burnout at high d.c. voltage inputs. The

probability of a drift failure is greater at higher d.c. voltages also. It

thus appears that the advantage achieved by the elimination of parts is

cancelled by the increased probability of failure due to other causes, and

the calculation below confirms this. For the various input distributions,

we have:

Supply Voltage

Distribution

N(24,2.5)

N(24,1.75)

N(24,0)

Temperature Distribution

i(50,32) N<50,20) N<50,O)

.6587 .7948 .9280

.7022 .8469 .9744

.7122 .8614 .9854

These are the estimated overall unconditional probabilities of system suc-

cess, and when compared with the probabilities estimated previously using

the original inverter, it is evident that the proposed tradeoff should not

be undertaken.

6.2. Specifications at the interface

To extend the example of the comparison of different designs, we may

ask the question: "What specifications should be placed on the d.c. to a.c.

inverter to insure the best possible level of reliability for the overall

system?" This is a synthesis problem where the system may be broken down

into two elements as follows:

E
ac-I

Inverter

> 7±

T.S.A. System
less inverter

And specifications at the interface of the two elements are of interest.

Specifically, the best design value of Eac_l and the allowable deviation

of Eac_l from this value will be determined. We assume that the density

function for the ambient temperature is known, and will be taken to be

N(50°,20°). The calculations are based on the same mission profile as

before.



Page Sixty-One

From the previous work, the conditional probabilities of system success

with the above given temperature distribution may be found for various values
of E These values are calculated for 9 levels and shownbelow:ac-l"

A.C. Voltage Eac-i

i00 103 106 109 112 115 118 121 124

RTSA .8707 .8840
(less inverter)

•8908 .8940 .8908 .8825 .8674 .8460 .8104

The optimum design value for the inverter output voltage maybe determined

approximately by inspection of the above table as:

design Eac_l _ 109 volts

Wesee from the above table that any variation in this value, due to differ-

ing d.c. input voltages or ambient temperature changes, will result in deg-

radation of the reliability of the system. To achieve an absolutely fixed

value of a.c. voltage will presumably require equipment of such complexity

or weight so as not to be feasible. The only course of action for the

designer will be to design the inverter for the best possible regulation

subject to the constraints of weight, cost, size, and complexity. Since

added complexity usually implies a higher probability of a "catastrophic"

failure, a set of tradeoff curves between deviations in the output voltage

and catastrophic hazard rate will be useful for making design decisions.

Such a tradeoff curve is shownin figure 20.

To generate these curves, the a.c. output voltage is assumedto have

a normal distribution. For the particular mission specified, and with the

failure defined as the crossing of a ! 2° level by the output arm angle,

a considerable increase in catastrophic hazard rate could be tolerated in

the inverter design if the variance of the inverter output could be re-

duced accordingly. In this particular case, cost, size or weight would be

the most likely limitations in the degree of regulation of the inverter

rather than the possibility of a catastrophic failure. From the tradeoff

curves, a deviation in the output voltage of < 2 volts, and a catastrophic

hazard rate of < 40%per i000 hours will insure an estimated overall sys-

tem reliability of > .8920, and this appears reasonable and in accord with
the "state of the art."
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8.0. SUMMARY

The general probabilistic modeling techniques developed in reference

[i] have been applied to a representative electromechanical control system,

and the actual numerical calculations carried out to obtain an estimate of

the probability of system success for an assumed mission profile.

Several problems were encountered in this study that were left for

investigation in the future. One of these problems is that of extending the

representation of an attribute to include variations due to manufacturing

tolerances, and variations due to failures of those piece parts that do not

cause certain failure of the system. One such extension that appears fea-

sible is to represent an attribute, amplifier gain for example, by an ex-

pression such as:

m

KA = f(Eac_l , T) + eA + AKA(RI)FRI + f_KA(R2)FR2 + .... etc.

where: f(Eac_l,T) is the deterministic function that accounts for

environmental variations.

cA is a random variable describing the variation in gain

due to the consideration of a population of amplifiers,

rather than a single amplifier.

f_KA(RI ) is the empirically determined change in gain that

occurs when resistor RI shorts.

FRI is a continuous step function that has only the values

0 or I, with the probability of either value being

determined by the probability of RI shorting.

Using functions such as those mentioned above, a computer simulation will

probably be required to statistically determine the attribute behavior.

Another interesting problem is that of synthesizing a system to maxi-

mize the reliability, as was briefly noted in Section 7.2. If the varia-

tions in the element attributes with environment are known, it should be

possible for a designer to choose nominal values of parameters such that the

variation in the system attributes are minimized.

The question of the validity of the estimate is pertinent in view of

the numerous assumptions and approximations made. The major mathematical

approximations are summarized on the following page.
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I. With fixed environment, the differential equations used to describe
the system operation are linearized.

2. The effects of the environment on the system attributes are des-

cribed approximately by the linear and quadratic terms of Taylor's
expansion.

3. The integrals over the input randomvariable space are approximated
by 5 level sums.

It is anticipated that as work progresses on modeling techniques, digi-

tal computers will be utilized more fully and the mathematical approxima-

tions that were necessary for this application will be refined.

The assumptions madeto obtain numerical answers can be categorized
into several classes:

i. Assumptions required because of lack of knowledge of the specific

conditions under which the system operates. (Mission profile,

input distributions, etc.).

2. Assumptions madeas to the validity of the data used in the calcu-

lations (mil 217 data applies, etc.).

3. Assumptions concerning the physical behavior of the equipment.

(past history has no effect, no failures when system power off,
certain inputs unimportant, etc.).

The assumptions above, along with the mathematical approximations, will

influence the accuracy of any particular application, and as yet it is not

possible to place any sort of confidence limits on the validity of the

estimated system reliability number. It should be recognized, however, that

most of the approximations and assumptions above are inherent in any mathe-

matical modeling of a physical situation, and the important point is that

the application of the techniques used herein showwith clarity the assump-
tions that must be made, and also the steps that must be taken to increase

the accuracy of the estimate of system reliability. Furthermore, even

though the degree of accuracy of the point estimate is not known, it is not

the estimate itself, but the variations in the estimate that are of impor-

tance for assisting in the design evaluations and decisions.
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9.0 APPENDICES
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APPENDIXA

i. Check of Validity of _uasilinear Model - Nominal Environment

To check the validity of the nominal mathematical model of the system,

the system equations are used to predict the response of the system to a

particular input, a 5° step change in aircraft pitch angle. This predicted

response is then compared with the actual measured response of the system

to this particular input.

The differential equations that approximately describe the behavior

of the T.S.A., for nominal environmental conditions and supply voltages,

are as follows:

I a KR
e

eQ

Tm F + 7 = KAKmKe Re

V
s

for <_K-- e

KR
e

e = _a

l "_m 7 + 7 = + RK V-- m s

V
s

KAK e

Substituting the numerical values obtained by experiment into these equations

yields:

I e = 6a 7 - .035 7 _ .296 °
.375 _+ 7 = 598 e

e = 6a - 7 - .035 _ / .296 °

>

.375 7"+ 7 = + 177

5 °To find the response of the system to a step input, a graphical

technique may be used. The equations are first combined to eliminate E:
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.o

.375 7 + 1.95 _ + 598 7 = 0

.375 _+ 7 - 177 = 0

•375 _'+ _ + 177 = 0

le[ <__..296 O

e > •296 °

e < -.296 °

Now make the substitution y = 7, and divide each equation by y to obtain:

.375 _+ 21.95 + 598 7/Y

.375 _+ i - 177/y

.375 _+ 1 + 177/y

[ e I <_ • 2960

e > . 296 °

e < -. 296 °

Where _is the slope of the solution curve at a particular point in

the 7 - 7 plane. Solving for the slopes in the various regions gives:

= -58.6 - 1595 7/Y [e] <_..296 °

= -2.67 + 472/y e > .296 °

= -2.67 - 472/y e < -. 296 °

The isoclines are plotted in figure AI and the trajectory for a 5°

step input is plotted using the known slopes as a guide. From the plot of

7(t) vs _(t), the time response can be obtained by plotting $ vs 7 and per-
7

forming a graphical integration:

b

tb t = f i- -_ d 7
a

a 7

(seconds)

This procedure is followed in the plot of figure A2 to obtain the calculated

time response to the 5° step input. The measured and calculated time re-

sponses are compared in figure A3.

2. System Stability

The linear model of the system indicates that little trouble with

instability will be encountered. The locus of the roots of the system

characteristic equation,

_s 2 + US + i = 0

are plotted below. As temperature and supply voltage increase, the roots
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progress away from the imaginary axis as shown.

I
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Axis
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temperature

t ! t I I

-5 -4

Real Axis

3. Region of System Operation

-3 -2 -i

-- .06

-- .04

-- .02

0

.02

To check the possibility of amplifier saturation with the signal levels

used, it is useful to obtain an expression for the system error e as a func-

tion of the input signal _a(t). Under nominal conditions:

^ S S

ao

As _ + Bs + i

For a sinusoidal input _a(t) = A sin _t, the amplitude of the error signal

I_Ivs frequency may be plotted. The amplifier does not saturate under nom-

inal environmental conditions so long as le I ! .296. From the plot, figure

A5, we see that for _ = 5 radians per second, the amplitude A corresponding

toleI= .296 is _ 16 degrees. Since the spectral density of the actual input
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signal contains little energy above 5 radians per second, and has an RMS

value _ .425 degrees, we would expect amplifier saturation to be a rel-

atively rare occurrence.

By using the sametechniques as used for the analysis of the output

error due to system time lags, the probability of amplifier saturation

could be calculated, but this degree of analysis is not thought necessary
in view of the above considerations.

Wethus conclude that the amplifier operates in the linear region to
a high degree of approximation.
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Figure AI - Phase plane plot - response to 5° step
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APPENDIX B

Representation of pitching motion of a typical aircraft

The pitching motions of an aircraft in flight are determined by the

motions of the airplane control surfaces, the dynamics of the airplane

with its associated control systems, and by disturbing moments and forces

that arise from atmospheric turbulance. The disturbances due to turbu-

lance are usually called "gust disturbances" and are a random phenomena

that require statistical methods for the description of their effects.

The input-output relationships for aircraft pitching inotion inay be

represented functionally as:

g(t) I
Gust Disturbances

Control

System

Elevator ......--J

Deflection L

Aircraft

Dynamics

SensingElements

To simulate typical pitching motion for a given aircraft, the math-

ematical relationships giving pitch angle as a function of x(t) and g(t)

are required. A statistical description of g(t) is available in the form

of the power spectral density of the vertical and horizontal velocity com-

ponents. The knowledge of the power spectral density of g(t) and the lin-

earized airplane dynamical equations permits the approximate determination

of the spectral density of the airplane pitch angle due to wind gust dis-

turbances. Experimental work by Clementson (reference 4) indicates that

gust velocity may be considered as a stationary Gaussian random process

a_d that the power spectral density of vertical gust velocities may be

c!escriLcd satisfactorily by the relationship:
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[(P.S.D.) WG/V] =
4(ms)/_

2
i + (2m)

where: WG/V = ratio of gust velocity to aircraft air speed.

= frequency in radians per second.

This relationship is derived from averaged meteorological data.

Reference (4) furnishes a set of numerical parameters for a typical

aircraft that permits the determination of the aircraft transfer functions

relating the vertical gust velocity to the aircraft pitch angle, as fol-

lows:
A

_G .86

0G/V [i + .452s + .327s 2]

And for the transfer function relating pitch angle to elevator deflection

angle with gusts absent, reference (4) gives:

e _- .7(1 + 1.6s)

s(l + .452s + .327s 2)

The above transfer functions have been simplified by neglecting the long

period phugoid motion of the airplane. It is felt that this motion will

not be important since the pilot or autopilot will correct for these long

term oscillations.

The above transfer functions do not include the effects of pitch rate

and pitch angle feedback loops that are used to stabilize the aircraft.

The aircraft with the above dynamical characteristics, according to ref-

erence (4), will usually contain sensing elements for feedback to the air-

plane elevator with transfer functions:

_r _ 1.2

_A 1 + .019s

A

_p = 3.15
s.

_6 i + .O19s
A

(ms) = mean square value of WG/V.
-4

of 46 x I0 is used.

For purposes of this study, a value
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Thus to represent the aircraft with these particular characteristics,
the system functional diagram will be:

1 + .452s + .327s2

.7(1 + 1.6s)

i + .452s + .327s 2

5
r

I 1.2I + .019s

i 3.15 t
1 + .019s

5
P

e _

_G

A _

From this functional diagram it is possible to obtain the transfer func-

tion relating aircraft pitch angle to wind gust velocity, with the command

input 5c(t ) = 0.

_a _ .391s(i + o019s)

WG/V .00282s 4 + .152s 3 + .823s 2 + 2.43s + i

or: _a

WGIV

.391s(i + .019s)

(.033s + i)(2.05s + i)(.0415s 2 + .342s + i)

To generate a voltage analogous to _a(t) on an analog computer, a
II . if

whlte noise generator is used. The transfer function from white noise,

n(t), of spectral density _, to pitch angle is obtained by noting that:

1 12
[PoS.D. WGlV] = Ii + 2s
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Hence: A

WG/V I

n 1+ 2s

Where the amplitude of the noise source must be adjusted to obtain a spec-

tral density of N-58.6 x 10 -4 volts 2 per radian per second. (For i volt=l rad.).

Thus the transfer function from white noise to pitch angle is:

A

A

n

.391s_i + .019s)

2
(.033s + i)(2.05s + i)(.0415s + .342s + I)(i + 2s)

Mechanization

The computer circuit used to achieve the simulation of the pitch angle

input is shown in figure (Bi). A Donner analog computer, model 3400, and

a General Radio noise generator, model 1390B, were used for the simulation.

This noise generator provides a noise with a flat spectrum from 5 to 20,000

cycles per second. The noise signal was sampled at a rate of 30 times per

second to flatten the spectrum in the 0-5 cps region.

The computer output was used to modulate a 400 cycle reference sig-

nal, and the resulting double side band suppressed carrier signal was

used to drive the tilt table servomechanism. The table position was sensed

by generating an electrical signal with a multiple turn potentiometer

geared to the table.
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APPENDIX C

i. Part Failure Rates - Amplifier

From Mil-Hdbk-217, "Reliability Stress and failure rate data for elec-

tronic equipment," the following catastrophic failure rate data is obtained

for each part in the amplifier. For each part a "failure rate" is obtained

for each of three levels of supply voltage to the amplifier (I00, 112, 124

volts) and three levels of temperature (0° 26 ° , 85°C) and where important

three levels of signal input voltage (0, 20, 50 MV. RMS). The failure

rates are given as "percent per i000 hours." The inputs and environments

of the amplifier are converted into stresses on the individual parts by

use of the circuit diagram and by actual measurements made in the labora-

tory. The data is listed in the form of tables as follows:

Amplifier i00

Supply Voltage

112

124

Amplifier Ambient Temperature

0°C 26°C 85°C

h/lO0, 0 h/lO0, 26 h/lO0, 85

h/l12, 0 h/l12, 26 h/l12, 85

h/124, 0 h/124, 26 h/124, 85

for e = 20 MV RMS unless otherwise noted
e

For the individual parts we have:

i. Resistor R651 (Balance pot.); 500 _, 1 w, composition.

data)

[011 .011 .013]

[hR651 ] = _011 .011 .013|

L011 .011 .01_

(Mil R-94B

2. Resistor R652 (cathode bias); 200 _, 1/2 w., composition. (Mil

.001 .001 .003]

[hR652 ] = 1.001 .001 0031

 001 001 003j

R-IIC data)

data)

3. Resistor R653 (Gain pot.); 500,000 _, i w. composition (Mil R-94B
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.011 .011 .013]
1.011 .011 .0131

[hR653] = _O11 .011 .O13J

4. Resistor R654 (Plate load); 250,000 _, 1/2 w. composition (Mil

R-IIC data)

I O01 .001 .003]001 .001 0031
[hR654] = 001 .001 O03J

.

(Mil R-IIC data)

Resisto r R655 (Power supply load); i00,000 _, 1/2 w. composition

O01 .001 .010]
001 .001 0151

[hR655] = 001 .001 022J

P/Prated

.39

.48

.58

6. Resistor R656 (Cathode bias); i0,000 _, 1/2 w. composition (Mil

R-IIC data)

_o01 . o01 .oo3-1
.001 .003

Eu 0 0 °
7. Resistor R657 (Grid); 250,000 _, 1/2 w. composition (Mil R-IIC

data)

001 .001 .003][hR657] = 001 .001 003|
001 .001 O03J

.

data)

Resistor R658 (Tach gain); 300 R, i0 w., wire wound (Mil R-26C

P/Prated

014 .016 .0251 .2[hR658 ] = 017 .019 .032 .25
019 .023 037J .30

9. Capacitors C651 & C652 (Output phase); .i MFD, 600 w.v. paper.

(Mil C-25 data)
V/Vrate d

.001

I"001
[hc651] = [hc652] = [.001

.001 .002] .081

.001 .002_ .094

.001 .002J .104
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i0.

data)

Capacitor C653 (Coupling); .01 mfd., 600 mv., paper. (Mil C-25

001 •001 .001][hc653] = 001 .001 0011
OOl • OOl OOl]

ii. Capacitor C654 (Filter), i mfd, 200 vdc, paper (Mil C-25 data)

. 026 .034 ,070]•031 .038 .080 I
[hc654] = L'°38 .045 .I00]

12. Capacitor c655, (input), .001 mfd, 200 v, mica. (Mil C-5B data)

_.001 .001 •001-I•001 .001

.oo .oo j
13.

C-25 data)

Capacitor C656, (output) i mfd, 150 v, 400 c.p.s., paper• (Mil

OOl •001 .001 l

FOOl •oo1 .OOlI
[hc656] = bOO1 .001 .001]

for e = 0
e

00 0 01[hc656 ] = 007 .009 o19 I
010 •012 026J

for e = 20 mv. RMS
e

[hc656 ] = F030 .036 0801

_033 •042 088_

for e = 50 mv. RMS
e

14.

data)

Capacitor C657 (Cathode by-pass), .i mfd, 600 wv, paper• (Mil C-25

OOl .001 .001l

•001 .0011.oo .ool_,
15. Tube V652 - X652 (Voltage amp - rect.), 12SN7. Rated filament

voltage 12.6 volts, rated plate dissipation 7.5 watts• Bulb temperature:

i15°C _ 85 ° ambient; lO0°C @ 26 ° ambient; 90°C @ 0° ambient• Actual plate

dissipation less than .5 watt. Ratio of operating to rated heater voltage
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is .94 @i00 v.; 1.07 @112 v; 1.18 @124 Vo

.55 .55 .5!1
[hv652 ] = .31 1o31 1.31

.58 3.58 3.5

16. Tube V651 - X651, (Power amp.) _ 12SN7, operating conditions same

as item 15 except the operating plate dissipation is estimated at 3 watts

total.

[hv651] = .36 1.36 1.36
72 3.72 3.7

17. Transformers T651A and T651B (Saturable reactors), hermetically

sealed construction. Insulation class Bo (Mil T 27A data)

_020 .020 .0281_020 °020 .028
[hT651A] = [hT651B]= _020 .020 .028J

18. Transformer T652 (Power - 3 phase) hermetically sealed construc-

tion. Insulation class B. (Mil T 27A data) (Assumed 20°C temperature rise

at full load conditions).

[hT652 ] = 025 .025 1601

025 .025 225J

19. Transformer T653 (Input interstage) hermetically sealed construc-

tion. Class B insulation. (Mil T 27A data).

0 5[hT653] = 015 .015 0211
015 .015 021J

20. Connectors J653 (4 pin), and connector J652 (i0 pin)

21.

hj653 _ o005

hj652 _ .009

Relay K651, (Cage-Uncage) telephone type, 24 vdc, SPDT.

[hK651]A _ [_01 o01 .035l

L.01 .01 0351

01 o01 035J

% per i000

operating hours
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Ol o01 .0!][hK651]B_ .01 o01 01 % per I000
01 .01 0 operations

From the above data, the conditional hazard functions for the amplifier

gain attribute can be calculated. Each part that could cause failure

of the gain is used in the calculation. This calculation therefore in-

cludes all parts except relay K651 and resistor R658o The conditional

failure rates of the other parts are added to give:

_.263 1o271 1.467][hamp gain] = 828 2.835 3.0621
465 7.472 7.784J

for e = 0
e

= .834 2.843 3.0801
[hampgain] .474 7.483 7.809J

for e = 20 mve

I-l. 280 i. 292 I. 510][hamp gain ] = 2.857 2.870 3.1511
_.497 7.513 7.871J

for e = 50 mve

2. Part Failure Rates - Inverter

The regulated doc. to a.c. inverter has nameplate specifications as

follows:

doc. input = 24 v.doc.; 12 amps

a.c. output = 115 v; 3 phase, 400 c.p.s., o5 amps

RPM = 12,000

Temp. rise 45°C

In the same way that the amplifier part failure rates were estimated, the

conditional catastrophic failure rates for the inverter are calculated

from the individual part failure rates. The failure rates will be calcu-

lated for three levels of d.c. supply voltage (20v, 24v, 28v) and three

levels of ambient temperature (0, 26°C, 85°C). Data from Mil Handbook 217

is used, and is listed in tabular form as follows:
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d.c. supply voltage

Ambient Temperature
0 26°C 85°C

h/20, 0 h/20, 26 h/20, 85

h/24, 0 h/24, 26 h/24, 85

h/28, 0 h/28, 26 h/28, 85

20

24

28

.

.

.

.

.

.

.

Resistor RI, 1250 _, 10w, wirewound. (Mil R 26C data)(Note:

box temperature assumed to be ambient + 10°C)

022 .028 .0447hRl = 028 .034 .056;

028 .034 .o56]

regulator

Resistor R2, 500 _, variable, 5w, wirewound (Mil R 26C data).

F032 .038 .058]

= 1"038 .044 .066 I
hR2 [.038 .044 .066J

Resistor R3, 50 _, i0 w, wirewound (Mil R 26C data).

F010 .012 .018]

= 1.010 .012 .0181
NR3 _.010 .012 .018J

Capacitors C 1 and C2, 1 mfd, I00 vdc, paper. (Mil C 62A data).

F001 .001 .002]

= Io001 .002 0031
hcl = hc2 [i002 .003 006J

Capacitors C3, C4, C5, C 6 .i mfd, 600 v paper.

0o 0021hc3 = he4 = he5 = hc6 = 001 .001 0021

001 .001 00_

Capacitor C7, .001 _fd, mica. 600 v (Mil C - 5B data).

FOOl .001 .001]

hc7 = .001 001

Inductor L2, L3, iron core, class B insulation.

F050 .050

= _050 .050
hLl = hL2 L050 .050

.320]

3201

320J
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8. Selenium rectifier S1 17 plates, 4 sections.

o94 2.94 2.9i]hsl = .94 2.94 2°94
.94 2.94 2.9

9. Carbon pile voltage regulator P1 115 v rated.

I 00 o 00  00]h = i00 oi00 i00 1

i00 oi00 100J

i0. Field windings and armature, class B insulation.

a. Failure rate-electrical failures

b,

065 .068 1.150]
h = 065 .085 2.150 I

ea 065 .085 2.150J

Failure rate - mechanical failures (Data for 12,000 RPM Brush type

motor).

10.60 11.00 11.00

h = 13.20 13.20 13 20
ma 3 50 13.50 13 5

The inverter failure rate is found by adding the individual part fail-

ure rates under each condition:

i "876[hc] = 16 488
6 790

14. 293 15. 117]

16.524 19.1851

16.826 19.491J

3. Failure rates - Motor and Gyro

a. Gyro - 3 phase, 24 volts, 400 cps., speed 24,000 RPM

The gyro failure rate as a function of input voltage and temperature

cannot be determined from the available data in Mil Hdbk 217. However, an

average failure rate of 5% per i000 hours is given, and will be used under

all conditions of temperature and supply voltage, hence:

h G_ 5% per i000 hrs under all conditions of temp. and supply

voltage.

b. Motor-tachometer - 2 phase, 115 v, max. speed 6000 RPM, Class B

insulation, estimated temperature rise 20°C.

Considering both mechanical and electrical catastrophic failures,

the estimated gyro-tach failure rate is estimated using the techniques of
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I00

h _ voltage 112m
124
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Temp.
0° 26°C 85°C

3.05 3.05 3.20

3.05 3.05 3.38

3.05 3.05 3.55
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APPENDIX D -

I. Amplifier gain - nominal conditions

The amplifier nominal gain measurements were made by feeding the ampli-

fier input with a voltage of the proper frequency and phase, and recording

the RMS value of the input and output voltage. The input voltage was re-

corded on a Hewlett-Packard HP 400H, and the output voltage read from a

Simpson 267 voltmeter. The amplifier output was loaded with a spare 2

phase servomotor with locked rotor. Data taken is as follows:

Input Voltage (Millivolts) Output Voltage (Volts)

-60 -113.0

-50 -113.0

-40 -ii0.0

-30 -i00.0

-20 -71.0

-i0 -41.0

+i0 +37.2

+20 +70.0

+30 +i00.0

+40 +Ii0.0

+50 +117.0

+60 +117.0

Temperature 27°C, Average A.C. voltage input (3 phase) = 112 v, Amplifier

Unit #I

The plot of figure 5 shows the amplifier gain characteristic. On

this figure a two segment straight line approximation has been plotted

for comparison with the actual gain characteristics of the amplifier.

2. Amplifier characteristics with changing input conditions

The following data was taken using the same test set up as above,

except that provision is made for changing the ambient temperature and

the 3 phase supply voltage to the amplifier. An equipment warm up period

of i0 minutes is allowed before data is recorded.



Page Ninety-One

a. Conditions: Low temperature, Lowvoltage

Temperature:
Supply voltage
Output voltage:

Vin (MY) 5

0 1.7

+i0 28.3

-I0 31.5

+30 81

-30 80

+60 92

-60 92

(VI2,VI3,V23)

1-0

2.2

28.2

32.5

81

8O

91

91

initial

5°C

101,97,103

Time (min)

i__5 20

2.7 2.6

28.8 28.8

33.0 33.0

81 82

80 81

92 92

91 91

final

3°C

101,95,102

25 3__0.0

2.4 2.1

28.5 28.2

33.0 32.8

82 80

81 80

92 92

91 91

b. Conditions: Low temperature,

Temperature:

Supply voltage

Output voltage:
(VI2,VI3,V23)

Nominal voltage

initial

3°C

112,104,114

Time (min)

Vin (MV) 5 i0 15 20

0 1.2 _1.4 1.8 1.5

+i0 35.5 36.0 35.5 36.0

-I0 38.0 39.0 38.8 39.4

+30 98 98 98 98

-30 96 96 96 96

+60 112 112 112 112

-60 108 108 108 108

final

3.8°C

111,104,114

25 30

1.5 1.5

36.0 36.0

39.5 39.5

98 99

96 97

112 112

108 108

c. Conditions: Low

Temperature:

Supply voltage

Output voltage:

temperature, High voltage

initial

I°C

(VI2,VI3,V23) 125,117,126

Time (min)

Vin (MV) _ I0 15 2-0

0 .95 .95 .95 i. 00

+i0 45.0 45.0 44.0 46.0

-i0 46.0 46.0 46.0 46.5

+30 108 107 107 107

-30 108 107 107 107

+60 123 121 121 121

-60 120 119 117 117

final

I°C

121,115,120

25 30

.95 1.00

43.0 42.5

45.0 44.5

105 105

105 105

120 119

117 115
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d. Conditions:

Temperature:
Supply voltage
Output voltage:

Nominal temperature, Lowvoltage

initial
26°C

(VI2,VI3,V23) 101,97,103

Vin (MV) 5

0 1.9

+I0 29.5

-i0 32.5

+30 82

-30 82

+60 93

-60 92

Time (min)

I0 15 20

2.1 2.0 2.6

29.0 29.0 29.2

33.0 33.5 33.8

82 83 83

82 82 82

93 94 94

93 93 93

final

26°C

102,96,104

25 30

2.5 2.4

29.2 29.8

33.5 33.5

83 83

83 82

94 93

93 92

e. Conditions: Nominal temperature,

Temperature:

Supply voltage (V12,V13,V23)
Output voltage:

Vin (MV) _ i0

0 1.6 3.0

+i0 37.5 37.2

-i0 42 41

+30 i00 i00

-30 i00 i00

+60 117 117

-60 113 113

Nominal voltage

initial

26°C

113,105,115

Time (min)

15 20

3.1 3.1

37.2 37.2

41 41

i00 I00

i00 i00

117 117

113 113

final

26°C

113,105,115

25 30

3.2 3.2

37.2 37.2

41 41

I00 i00

I00 I00

117 117

113 113

f. Conditions: Nominal temperature,

Temperature:

Supply voltage

Output voltage:

Vin (MV)

0 .9

+I0 45.5

-i0 48.2

+30 109

-30 109

+60 122

-60 120

(VI2,VI3,V23)

High voltage

initial

26°C

125,114,128

Time (min)

i0 15 20

2.0 1.6 2.1

46.0 45.5 45.0

49 49 49

109 109 II0

109 Ii0 ii0

124 124 123

121 121 121

final

26°C

125,113,127

25 30

2.1 2.1

44.5 44.8

48.8 48.8

109 109

109 109

123 123

120 120
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g. Conditions: High temperature,

Temperature:

Supply Voltage (V12,V13,V23)
Output voltage:

Vin (MV) 5 I0

0 2.4 2.8

+i0 33.0 30.0

-I0 33.0 36.0

+30 77 83

-30 77 83

+60 92 93

-60 92 93

Low voltage

initial

85°C

102,97,104

Time (min)

15 20

2.9 2.9

28.0 26.5

34.0 32.0

82 82

83 82

93 93

93 93

final

85°C

101,96,103

25 30

3.0 3.0

27.5 27.5

33.5 33.5

82 81

82 81

93 92

92 91

h. Conditions: High

Temperature:

Supply Voltage

Output voltage:

Vin (MY) 5_

0 2.8

+i0 35.8

-I0 40.5

+3O i00

-30 i00

+60 115

-60 112

temperature, Nominal voltage

initial

85°C

(VI2,VI3,V23) 113,105,115

Time (min)

i0 15 20

3.0 2.6 3.4

35.0 35.0 36.0

40.8 40.5 41.0

i00 I00 i00

I00 I00 99

115 114 115

112 112 112

final

85°C

113,105,115

25 30

3.0 2.8

36.5 35.0

42.0 41.0

98 i00

98 i00

114 114

iii 112

i. Conditions: High

Temperature:

Supply voltage

Output voltage:

temperature, High voltage

initial

85°C

(VI2,VI3,V23) 127,114,129

Vin (MV)

0 .95

+i0 46.5

-i0 49.2

+30 109

-30 109

+60 125

-60 122

Time (min)

i0 15 20

1.60 2.10 2.10

45.0 44.5 43.5

48.0 49.5 48.5

109 109 Ii0

109 109 ii0

124 124 124

122 122 122

final

85°C

125,113,128

25 30

2.30 2.20

44.0 43.5

50.0 48.5

ii0 ii0

109 ii0

125 124

122 122
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3. Motor gain - nominal environmental conditions

The motor was driven with a variable control voltage of proper phase,

and the resulting speed of the motor was measured by recording the time per

revolution of the output arm on a strip chart recorder. The motor operates

under load. The data taken is as follows:

Motor Control

Voltage _volts_

15

20

25

30

35

4O

60

Test Conditionsr

i

36.0

17 6

ii 0

8 4

68

5 6

3 6

Period of

Output Arm (sec)

TRIAL

2

33 5

17 2

ii 2

8 4

68

5 6

3

33 8

16 8

ii 2

84

68

5 6

Avr. Speed

4 (deg./sec)

30.5 3,295

16.8 6,440

11.2 9,810

8_4 13,100

6.8 16,200

5.6 19,650

30,500

Temperature = 27°C, Average a.c. supply voltage

(3 phase) = 112 volts. Gyro unit #3.

To convert the period of the output arm into motor speed, the motor-

output arm gear ratio of 306:1 is used:

Motor speed (deg/sec) =
306

arm period
x 360 deg/rev.

The data taken in the four trials above is averaged at each value of con-

trol voltage and is plotted in figure 8, page 27.

4. Motor gain - channing environmental conditions

Several measurements are made of the motor speed, holding the control

phase voltage fixed at ! 41 volts, and changing the reference phase voltage

and ambient temperature. Data taken under various conditions is recorded

below, where the motor speed is measured in mm. To convert to degrees per

second, the conversion is:

deg. per second - 5 x 360 x 306

(mm)
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Values in table are motor speed measuredin mm.

Voltage
Eac-i

Temperature

Low Room High
-41" +41" -41 +41 -41 +41

Low

Voltage

Eac-i

43.0 39.0 32.0 32.0 24.5 23.0

43.5 38. i 32.0 31.2 24.5 23.1

42.5 38.0 33.0 31.5 23.5

42.0 37.0 33.0 23.7

T=0 Eac_l=lO0.3 T=26 ° Eac_l=100.3 T=85 ° Eac_l=100.7

Low Room High

-41 +41 -41 +41 -41 +41

Med 35.0 34.0 28.0 27.5 25.0 25.0

36.0 33.5 28.8 27.3 25.0 25.1

36.2 32.8 28.5 27.6 25.0 25.2

37.2 33.9 28.2 27.7 25.0 25.0

T=3 ° Eac_l=109.3 T=26 ° gac_l=ll2.7 T=85.0 Eac_l=ll0.7

Voltage

Eac-I
Low Room High

-41 +41 -41 +41 -41 +41

Hi gh 37.0 35.0 33.0 30.0 26.5 26.0

37.0 34.0 32.0 30.0 26.5 25.5

36,0 33,0 31,0 29.5 26,5 25.5

36.0 33.0 31.0 29.2 26.0 26.0

T=-5 ° Eac_l =123"3 T=26° Eac-1 =124"0 T=85° Eac-1 =122"7

Values of control phase voltage

5. Motor time response - nominal environmental conditions

The servo motor time response was measured by recording the tachometer

output voltage on a strip chart recorder while providing a step control

voltage input into the motor. The time for the tachometer output trace to

reach 63.3% of the final value is read from the chart recording. Results

indicate that this time depends strongly upon the magnitude of the step

input voltage. The extent of this input dependence is shown in the follow-

ing data:
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Step input
voltage (volts)

+4O

-40

+74

-74

+115

-115

Time for speed to reach 63.3%

of final value _secs)

TRIAL

i 2

35 .4O

41 .34

21 .22

20 .20

16 .14

ii .ii

Avr_____.

375

375

215

200

150

ii0

Test conditions: Temperature 27°C, average supply voltage (3 phase) = l12v

Motor unit # 3.

6. Motor time response - chan_in_ environmental conditions

The table below gives values of the motor time constant in seconds,

using a step input voltage of ! 41 volts, for various environmental con-

ditions.

Temperature

Vo itage Low Room Hi gh

Eac-i -41" +41" -41 +41 -41 +41

Low .34 .36 .38 .47 .39

.37 .39 .38 .45 .39

.37 .39 .41

.45 .32

.42

.35

T=0 Eac_l=100.3 T=26 ° Eac_l=100.3 T=85 °

.34

.34

Eac.1 =100"7

Voltage
E Low Room
ac-i -41 +41 -41 +41 -41

Nom. .38 .37 .42 .34 .37

.36 .32 .34 .40 .35

.34 .37 .33

.35 .37 .35

.34

.34

T=3 ° E 1=109.3 T=26 ° Eac_l=ll2.7 T=85 °ac-

Time Constant (secs)

Values of control phase voltage.

High

+41

.31

.33

Eac_l =II0.7
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Voltage
Eac-i

High

Temperature

Low Room
-41" +41" -41 +41

•26 .24

.23 .25

.25 .26

.22 .23

T=-5 ° E
ac_l =123.3

.26 .32

•25 .29

.27

T=26 ° Eac_l=124.0

Time Constant (secs)

,
Values of control phase voltage•

High
-41 +41

•28 .27

•28 .26

T=85 °
E 1=122.7
ac-

7. Tachometer gain - nominal conditions

While driving the motor with variable control voltages of the proper

phase, the output of the tachometer windings on the motor was measured with

a Triplet Model 850 voltmeter• The resulting data is:

Motor Speed

(deg/sec_

1

3,295 .020

6,440 •055

9,810 .i00

13,100 •150

16,200 .210

19,650 .270

Test conditions:

Tach voltage (volts)

TRIAL

2 3

030 •035

060 •065

ii0 .115

160 .170

230 .225

280 .280

4

035

070

115

165

225

275

Avr.

030

062

ii0

161

222

276

Temperature 27°C; average supply voltage (3 phase) = l12v,

Motor #3

The nominal tachometer data is plotted in figure 9 page 29•

8. Tachometer gain - changing environmental conditions

Holding the motor speed fixed, the tachometer output voltage is

measured as the ambient temperature and supply voltage are set at several

levels•
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INote:

i
Supply
Voltage

Low

-41 +41

Low .142 .i00

.166

Nom. .174 .122

Temperature

High .175 .206

Nom. High
-41 +41 -41 +41

.184 .203 .191 .199

.192 .240 .210 .235

.225 .240

.210 .243 .221 .232

Tachometer Output Voltage

Each reading in this table corresponds to the reading in the table

of section 4.

To convert this data into Tachometer gain, the voltage readings are

divided by the corresponding motor speed readings calculated from the

table of section 4, this appendix.

9. Experimental Measurement of Nominal Autosyn Gain

In this experiment, the temperature and power supply voltage are fixed

at nominal values, and measurements made of autosyn output voltage under

load while angular displacements are introduced by shims of different thick-

ness placed under the output arm of the TSA. These shims then give known

angular deflections of the autosyn rotor• The resulting autosyn output

voltage is measured using a Hewlett-Packard 400-H voltmeter•

The resulting data is:

Autosyn Rotor Angle

Total Shim

Thickness (mills)

0

5

i0

15

20

25

30

35

40

44

50

54

60

64

70

Output Voltage (volts)

Degrees Trial #i Trial #2 Trial #3 Trial #4

0 .017

.023

.143 .025

.026

.286 .037

.041

.428 .045

.059

.573 .063

077

•716 082

095

.859 099

II0

1.00 114

.016

.017

.024

.022

.029

•042

•042

.054

•058

;070

.077

.091

•095

.Ii0

.114

017

024

025

026

037

041

054

057

066

076

078

093

i00

106

II0

.017

.021

.025

•024

•033

•038

•042

057

060

075

075

091

099

106
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Test conditions: Temperature 27°C, Average a.c. voltage input (3 phase)=ll2v

Gyro-autosyn unit # 2.

I0. Autosyn gain - changing environmental conditions

The autosyn rotor angle is held fixed and the autosyn supply voltage

and ambient temperature set at several levels. The resulting data is:

Voltage

123

112

i01

Temperature

Low Nom. High

.065 .063 .053

.060 .058 .050

.056 .050 .041

Autosyn Output Voltage, input angle .52 °

II. Experimental Measurement of Inverter Characteristics

In this experiment the inverter is supplied with varying d.c. supply

voltages, and the resulting a.c. output voltage is measured under load using

an a.c. voltmeter and a frequency counter.

Each data point below is the average value of 6 observations taken at

each d.c. voltage level. No change with time is measurable.

io Temperature = 26°C

d.c. voltage a.c. voltage

(volts) (volts)

29.25 117.0

28.37 117.0

26.03 116.0

23.95 114.2

21.92 110.5

19.90 104.5

17.97 94.5

frequency

(cps)

418.5

417 2

414 7

413 5

402 2

376 8

350 2

o Temperature = 5°C

d.c. voltage a.c. voltage frequency

(volts) (volts) (cps)

29.52 117.8 419.0

28.53 117.7 417.7

26.07 117.0 417.7

24.03 115.6 414.3

21.92 112.3 397.5

19.90 106.7 370.3

17.92 97.3 342.7

The inverter characteristics are plotted in figure I_ page 31.
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12. Gyro drift

From the chart recordings of gyro drift, the maximum amplitude during

the last 15 minute portion of a 30 minute test period is determined. For

the various ambient temperatures and supply voltages, these maximum ampli-

tudes are listed in the table below: (in degrees)

MAXIMIIM DEVIATIONS OF GYRO FROM VERTICAL FOR t3 ! t ! t4 AT

AVERAGE FREQUENCIES: HIGH = 417, NOMINAL = 400, LOW = 365 CYCLES

Average

Voltage

Eac- I

100v

l12v

124v

0°C

High b Low

3.71 12.38

4.95 7.26

5.36 5.61

10.72 8.91

Nom. Low

10.72 18.98 a

10.72 19.80 a

13.20 17.32 a

9.90 13.20 a

Average Temperature
26°C

Nom.

2.31

1.57

.66

1.82

Nom. Nom. Nom.

2 23

1 32

1 65

1 48

1 90

1 65

1 57

2 48

5.44

3 96

4 62

2 80

74

74

91

1 65

.33

.41

1.90

2.06

4.04

6.93

2.14

2.97

Nom.

1.07

2.48

1.65

5.36

90°C

High Low

.82 .66

1.32 .50

.50 .99

.82 .33

Nom.

.66

.33

.82

.66

High Low

14.85 .50 .82

12.38 .82 .66

17.32 .50 1.48

16.50 .82 2.48

a107 volts

bFrequency

In addition, the following data were collected and used at 26°C and nominal

frequency for 80 v: 4.78, 3.80 and for 135 v: 7.42, 6.19. Prior to statis-

tical analyses, the gyro data were adjusted for autosyn gain, transformed to

logarithms, and weighted.

13. Measured response of TSA to 5° step input

The complete TSA system was energized using nominal values for supply

voltage and the output arm displaced 5 degrees. The arm was released and
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allowed to return to the original position. The output arm displacement

was recorded on a strip chart recorder and the following values were read
from the chart:

Cumulative time measured from t=0
(secs)

Arm Displacement TRIAL
(degrees_ I 2

5 0 0
4 .08 .06
3 .12 .i0
2 .15 .13
i .18 .17
0 .25 724

Test Conditions: Temperature 27°C. Average supply voltage (3 phase) = l12v

Amplifier # i; Gyro # 3; Inverter # i.

This measured response curve is plotted in figure A3, for comparison to the
calculated curve.

14. Data Sunmmry

When the measurements on the previous pages are properly averaged and

corrected for slight changes in the input-environmental conditions, and

converted into the parameter of interest, the data can be summarized in

convenient tabular form as:

a) Tachometer gain - KT

Temperature
5°C 26°C 85°C

Supply Voltage i00 [ 1126 1125 844]
112 1286 1150 1007| x 10 -8

Eac-i 124 1386 1258 1071J

b) Motor gain - K
m

5°C

Supply Voltage I00 r 332

112 [ 387Eac-1 124 366

c) Autosyn gain - K
e

5°C

Supply Voltage i00 _iI05

112 1 1183Eac-1 124 1282

Temperature
26°C 85°C

419 5627

475 539|

438 515J

Temperature
26°C 85°C

.0986 .0808]

.1144 .0986

.1243 .1045
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d) Motor time constant - m

Temperature
5°C 26°C 85°C

Supply Voltage i00 [ .374

112 [ 357Eac-1 124 242

e) Amplifier gain - KA

5°C

Supply Voltage i00 F 2730

E 112 [ 3290ac-i 124 3630

f) Saturation level (amplifier) - V
S

5°C

Supply Voltage i00 [ 91.4

E 112 _I0.0
ac-i 124 _18.7

Coefficient A - m

KeRKAKm

5°C

Supply Voltage I00 [ 1130

112 [ 729Eac-1 124 429

g)

1+ KAK
KeRKAKm

h) Coefficient B =

i00

112

124

5°C

i 342
353

349

Supply Voltage
E
me-1

.411 .365]

.362 .340

.274 .272

Temperature
26°C 85°C

2790 2770-

3390 3370

3750 3750

Temperature
26°C 85°C

93.2 92.!]
115.0 113.

122.1 123.

Temperature

26°C 85°C

1090 887]

589 583|

410 412J

Temperature
26°C 85°C

376 344]

324 330 1

325 329J

x I0 -6

x 10 -4
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I0.0. NOMENCLATURE

- Aircraft pitch angle, inertial referencea
_r " Gyro gimbal-autosyn rotor angle, inertial reference

- Autosyn stator angle, case references
7 - Angle between system output arm and airframe

7i - System output arm angle, inertial reference
O- Motor shaft angle

KA - Amplifier gain (volts per volt)
K - Autosyn signal generator gain (volts per degree)e
KT - Tachometer gain (volts per degree per second)
K - Motor gain (deg. per sec. per volt)m
T - Motor time constant (seconds)m
V - Amplifier saturation voltage (RMSvolts)s
V - Motor control phase voltage (RMSvolts)c
V - Autosyn output voltage (RMSvolts)e

ED.C. or E - D.C. supply voltage from airframe (volts)
E - A.C inverter output voltage (RMSvolts)ac-i
E - A.C output voltage from amplifier (RMSvolts)ac-2 °

N - Amplifier output voltage with zero input voltagea
NG - Componentof gyro-autosyn output representing gyro drift
T - Ambient temperature

WG/V- Ratio of vertical wind gust velocity to aircraft speed
R - Gear ratio

h - Catastrophic hazard rate

- Frequency in radians per second

s - Laplace variable or complex frequency
S.D. - Standard deviation


